Conventional wall motion analysis of contrast ventriculograms assesses only that part of the wall that is tangential to the x-ray beam. To assess regional left ventricular function in three dimensions, a new computerized method based on densitometric analysis of digital subtraction left ventriculograms was developed and validated in nine open-chest dogs instrumented with a circumflex coronary artery occluder and sonomicrometers in the anterior and posterior walls. Each dog underwent digital subtraction ventriculography at baseline and at five levels (I to V) of dysfunction of the inferior wall induced by progressive stenoses of the circumflex coronary artery. The ventriculogram was divided into six segments around the end-diastolic center of gravity. Time-volume curves were obtained by densitometry in the normal anterior and ischemic inferior segments containing the sonomicrometers. From these curves, regional ejection fraction (R-EF), regional peak ejection rate (R-PER), and regional phase (R-PH) and amplitude (R-AMP) of the first Fourier harmonic were derived. From baseline to level V of dysfunction, myocardial systolic shortening determined by sonomicrometry decreased by 124 + 34% of control (mean + SD; p < .001) in the ischemic wall, while it increased by 12 + 19% (NS) in the normal wall. At the same time, R-EF, R-PER, and R-AMP decreased in the ischemic segment by 65 12%, 46 + 30%, and 45 ± 15% of control, respectively (all p < .01), while they remained unchanged or increased in the normal segment. R-PH was delayed by 14 ± 5% (p < .01) in the ischemic segment, but remained unchanged in the normal segment, reflecting the asynchrony of regional left ventricular contraction during ischemia. Densitometric indexes of regional function correlated well with sonomicrometric systolic shortening both in normal and ischemic segments, with r values of .84 for R-EF, .80 for R-AMP, .64 for R-PER, and .55 for R-PH (all p < .0001). Thus, densitometric analysis of digital subtraction left ventriculograms allows three-dimensional assessment of the extent, velocity, and synchrony of regional left ventricular contraction. Densitometric indexes of regional contraction correlate well with direct measurements of myocardial systolic shortening and are useful in quantitating regional left ventricular dysfunction. Circulation 77, No. 2, 457-467, 1988. ASSESSMENT OF regional, as opposed to global, systolic function may better reflect the effect of coronary artery disease on left ventricular performance. 1 2 Regional systolic function is commonly mea-
sured by the extent of systolic endocardial motion with the use of various imaging modalities, including echocardiography,3 contrast ventriculography,4 5 computed tomography,6 and magnetic resonance.7 Some of these approaches take into account only that portion of the wall that is imaged tangentially. Although three-dimensional or volumetric assessment of regional systolic function has been reported with the use of radionuclide scintigraphy,8, 9the suboptimal spatial and temporal resolution of this technique limits its usefulness.
Intravenous digital-subtraction left ventriculography
has been increasingly used to assess cardiac anatomy and function. 1018 The radiographic density of intravascular contrast medium is a function of its distribution volume, provided homogeneous mixing is achieved.'9 Densitometric determinations of left ventricular ejection fraction have been shown to correlate well with conventional area-length measurements.2022
In this study, the densitometric technique was applied to the analysis of regional left ventricular function. Time-volume curves were generated in individual segments to depict regional volume changes throughout the cardiac cycle. From these curves, several indexes of regional systolic performance can be derived: (1) regional ejection fraction, (2) regional peak ejection rate, (3) regional phase, and (4) amplitude of the first Fourier harmonic. These indexes assess the extent, velocity, and synchrony of regional left ventricular contraction. As we recently reported, a decrease in densitometric regional ejection fraction was found to be sensitive in detecting and locating significant coronary stenoses in man. 23 To validate this new approach, direct measurements of myocardial systolic shortening were performed in an open-chest dog preparation with the use of ultrasonic crystals implanted in normal and ischemic regions of the left ventricle. 24 25 Densitometric indexes of regional left ventricular function were compared with myocardial systolic shortening at progressive levels of ischemia-induced regional dysfunction.
Methods
Animal preparation. Nine adult mongrel dogs weighing 22 + 5 kg (mean + SD) were used in this study. They were handled according to the animal welfare regulations of the University of California, San Diego, and the protocol was approved by the animal use committee of this institution. These regulations are in accordance with the animal use principles of the American Physiological Society.
The animals were sedated with morphine (0.05 mg/kg body weight iv) and anesthetized with halothane. A left lateral thoracotomy in the fifth intercostal space exposed the pericardium, which was opened. A high-fidelity micromanometer (Konigsberg P7) and a Tygon fluid-filled catheter (internal diameter 1.27 mm, outer diameter 2.29 mm) were inserted into the left ventricle through the apex. Left ventricular pressure measured through the catheter (Statham P 23Db) was used to calibrate the micromanometer, with zero pressure reference being taken at the estimated level of the right atrium with the dog on its right side. A silicone rubber catheter (internal diameter 1.57 mm, outer diameter 3.18 mm) was inserted into the main pulmonary artery for the injection of contrast medium.
The proximal left circumflex coronary artery was dissected free and a single-crystal (10 MHz) Doppler flow probe was placed around the vessel for monitoring coronary blood flow velocity. A mechanical occluder was placed distal to the Doppler flow probe to produce coronary stenoses or occlusion.
Two pairs of ultrasonic crystals (5 MHz) were implanted in the left ventricular midwall for the assessment of regional contractile function by measurement of changes in segmental length (Triton Technologies, San Diego). Each pair of crystals was placed in a circumferential plane, with the crystals separated by approximately 1 cm. One pair of crystals was implanted in the posterolateral (ischemic) wall such that it lay near the center of the left circumflex coronary artery perfusion bed. The other pair was implanted in the anterior (control) wall near the septum, within the distribution of the left anterior descending artery. An epicardial electrocardiogram was obtained from the posterior crystals. Pacemaker electrodes were sutured to the left atrial appendage. Heart rate was maintained stable by continuous pacing at 5 to 10 beats/min above the intrinsic rate. After the study, the animals were killed.
Experimental protocol. Each dog underwent left ventriculographic examination at baseline and at five levels of dysfunction of the posterior wall induced by mild (stage I), moderate (stage II), and severe stenoses (stage III), and 15 sec (stage IV) and 30 sec (stage V) of occlusion of the circumflex coronary artery. A desired level of regional dysfunction was produced by adjustment of the mechanical occluder, with use of changes in coronary flow velocity and systolic shortening in the ischemic region as an approximate guide. Progressive levels of dysfunction were separated by a decrease in systolic shortening of approximately 25% of control. After steady-state conditions were achieved, the ventilator was stopped at end-inspiration and left ventriculography was performed by power injection of meglumine diatrizoate (Renografin, 1 ml/kg) at 300 psi in the main pulmonary artery. Beginning at least three cycles before the contrast injection, continuous fluoroscopic images were obtained with a General Electric Fluoricon 300 (6 inch [ 15. 18 cm] cesium iodide image intensifier and Plumbicon television camera). These images were acquired at 30 frames/sec at 1 to 2 mA and 65 to 70 kV, with fixed kilovoltage, amperage, and pulse width. The analog images were recorded on a highperformance videocassette recorder (Sony 3/4 inch [1.91 cm] VO 5800 with a signal-to-noise ratio of 48 dB). The electrocardiogram was recorded on the audio track of the videotape for precise reference timing of the images. Left ventricular pressure and its first derivative, segmental dimensions, and coronary blood flow velocity were recorded on an eightchannel Brush forced-ink recorder and on ½/2 inch (1.27 cm) magnetic tape. After each ventriculogram was obtained, the occluder was released and the heart was allowed to recover until left ventricular pressure and segmental function had returned to baseline conditions. Image processing and analysis. The fluoroscopic analog images recorded on videotape were digitized in real-time (30 frames/sec) into a 512 x 512 pixel matrix with 256 shades of gray with use of a Gould Deanza IP 8500 imaging system including a real-time disk interfaced to a VAX 11-780 computer (DEC, Maynard, MA). Care was taken to prevent overand underflow by use of a 256-level gray scale in which 0 and 255 were colored in red and blue, respectively. The offset and video amplification were adjusted so as to avoid any red or blue pixels on the image. These settings were kept constant for both control and ischemic studies. Logarithmic transformation of the intensity at each pixel was performed. The two cardiac cycles preceding the injection and three to four cycles occurring during peak opacification of the left ventricle were digitized and temporarily stored on the digital real-time disk. An end-diastolic region of interest was manually outlined around the left ventricle with a trackball. A continuous-loop movie, played offthe digital real-time disk, served to accurately identify the aortic-mitral valve plane. An x-ray transmission curve over time was generated. The cycle acquired during peak opacification of the left ventricle was chosen for analysis. End-diastole was assigned to the image corresponding to the R wave and end-systole to the image with minimal x-ray attenuation. Mask-mode subtraction was performed by use of a mask image averaged from the two FIGURE 1. Digital-subtraction ventriculogram obtained by right-sided injection in a dog at end-diastole (a) and end-systole (b). The end-diastolic ventriculogram is automatically divided into six segments around the center of gravity by three points (A, B, C) defined by the operator. Regional left ventricular contraction is measured by densitometry and sonomicrometry in a normal anterior (large arrow) and ischemic inferior (small arrow) segment. c, The U-shaped region of interest used for determination of background density. cycles preceding the injection. Resulting pixels with a negative value were set to zero.
For segmental analysis, three anatomical loci were defined by the operator: the anterior aortic point, the left ventricular apex, and the inferior mitral point (figure 1, a and b, points A, B, and C). Radii from the end-diastolic center of gravity to these three points divided the ventricle into an anterior and posterior region. Each region was then automatically subdivided into three segments (figure 1, a, and b). Segments 2 (large arrow) and 5 (small arrow) contained the anterior (control) and inferior (ischemic) pairs of crystals in all cases and were therefore chosen for analysis. Time-density curves were generated for the whole left ventricle and these two segments. Background density was determined by drawing a U-shaped region of interest around the ventricle at end-systole (figure 1, c) and calculating a mean pixel density for this region over three frames, beginning one frame before and ending one frame after end-systole. With background-corrected curves, regional ejection fraction (end-diastolic density minus end-systolic density divided by end-diastolic density) and regional peak ejection rate (maximum negative first derivative) were determined (figure 2). With the first Fourier harmonic of nonbackgroundcorrected curves, regional phase and amplitude were also obtained (figure 2). Heart rate may affect phase values because of its effect on the duration of diastole and the shape of time-volume curves. The regional phase was therefore normalized by subtracting it from the global left ventricular phase; also, 180°was added to obtain regional phase at endsystole. Variations in amplitude may occur because of differences in contrast medium concentration in the left ventricle. The regional amplitude was therefore expressed Vol. 77. No. 2, February 1988 as a percentage of the global left ventricular amplitude.
Intraobserver and interobserver reproducibility for densitometric determination of regional ejection fraction (r = .97 and .96, respectively) has been previously reported by our laboratory. 23 Physiologic data analysis. Data recorded on magnetic tape were used for subsequent digitization, beat averaging, and analysis on a PDP/ 11/03 computer system. Ten consecutive beats were averaged for each observation. Variables measured were (1) left ventricular peak systolic and end-diastolic pressure, (2) left ventricular dP/dt, (3) heart rate, and (4) segmental length at end-diastole (defined as the time coincident with the onset of a positive dP/dt and at end-systole (defined as the time coincident with peak negative dP/dt). To facilitate comparisons from animal to animal, end-diastolic segmental lengths at baseline were normalized to a distance of 10 mm and changes in dimensions were referenced to this value. 24 The absolute value of end-diastolic segmental length at baseline was 8.1 + 1.8 mm in the normal region and 7.8 + 2. 1 mm in the ischemia region. Segmental systolic shortening was obtained by calculating the ratio of end-diastolic segmental length minus endsystolic length to end-diastolic length. Statistical analysis. Differences between control and the different stages of ischemia in normal and ischemic regions were analyzed by an analysis of variance for repeated measures. 26 When overall between-group differences were detected, Tukey's least significant difference test was used to determine which means differed significantly. Correlations between densitometric indexes and systolic shortening were assessed by linear regression. The level of statistical significance was defined at p < .05. Data are reported as means ± SD. throughout the cardiac cycle in a normal anterior segment of the left ventricle. Regional ejection fraction (EF) is calculated from this curve. The first Fourier harmonic (black dots) fits well with the original curve and allows determination of regional phase and amplitude (AMP). Bottom, The first derivative of the time-volume curve allows determination of regional peak ejection rate (PER). 
Results
Hemodynamic findings. Hemodynamic data are presented in table 1. Heart rate averaged approximately 120 beats/min throughout the experiment. Left ventricular end-diastolic pressure progressively increased from 6.8 + 3.9 mm Hg under control conditions to 23.4 ± 4.5 mm Hg during stage V of ischemia. Left ventricular systolic pressure decreased from 90 12 mm Hg under control conditions to 81 ± 8 mm Hg (NS) during stage V. Both peak negative (p < .01 for stages III to V) and peak positive (p < .01 for stage IV and V) dP/dt decreased in amplitude with ischemia.
Regional left ventricular performance as assessed by sonomicrometers. Figure 3 illustrates sonomicrometric recordings of instantaneous segmental length in normal and ischemic regions. Sonomicrometric measurements of regional left ventricular performance are summarized in table 2. Normalized values for myocardial systolic shortening are displayed in figure 4 .
End-diastolic segmental length increased with ischemia, both in the normal and in the ischemic zone, reflecting the progressive dilation of the left ventricle. This dilation was slightly more marked in the ischemic region, although not significantly so. From stage I to III of ischemia, systolic shortening decreased in the ischemic wall by 19%, 38% (p < .01), and 87% (p < .001), respectively. At stage IV and V, systolic shortening decreased by 114% (p < .001) and 124% (p < .001), respectively, reflecting the dyskinesia occurring during severe ischemia. Systolic shortening in the normal wall tended to increase with progressive ischemia, suggesting compensatory hyperkinesia.
Regional left ventricular performance as assessed by densitometric analysis of digital-subtraction ventriculograms. Figure 5 depicts segmental time-volume curves obtained in normal and ischemic regions by densitometric analysis of digital-subtraction ventriculograms. Absolute densitometric measurements of regional left ventricular performance are summarized in compare normal and ischemic segments, all measurements were also expressed as a percentage of control.
These normalized values are displayed in figure 6. Extent of regional contraction (1) Baseline regional ejection fraction (figure 6, A) was 63 + 8% in the anterior region and 50 + 12% in the inferior region. From stage I to V of ischemia, regional ejection fraction decreased in the ischemic inferior region by 9%, 9%, 29%, (p < .01), 58% (p < .01), and 65% (p < .01) of control, respectively, whereas it tended to increase in the normal anterior region.
(2) Baseline regional amplitude ( figure 6, B) in the anterior and inferior segments was 178% and 130% of the global left ventricular amplitude, respectively. Both regional amplitude and ejection fractions were higher TABLE 2 Regional left ventricular performance as assessed by sonomicrometers under control conditions and progressive stenosis of the circumflex coronary artery in the normal anterior (n =9) and ischemic inferior (n = 9) regions in the anterior than in the inferior segments, reflecting the predominant contribution of the anterior wall to left ventricular ejection. From stage I to V of ischemia, the amplitude value decreased in the ischemic region by 1c > E a 1%, 6%, 20% (p < .01), 41% (p < .01), and 44% (p < .01), respectively, while it increased in the normal region by 9%, 15% (p < .05), 15% (p < .05), 27% (p < .01), and 25% (p < .01), respectively, reflecting compensatory hyperkinesia.
Other indexes of regional contraction (1) Baseline regional peak ejection rate (figure 6, C) in the anterior and inferior segments was 4.5 ± 0.8 and 4.8 ± 1.5 end-diastolic volumes/sec, respectively. From stage I to V of ischemia, peak ejection rate tended to decrease in the ischemic segment (although statistical significance was achieved only during complete coronary occlusion), while it remained unchanged in the normal segment.
(2) Baseline regional phase (figure 6, D) in the anterior and inferior segments was 162 and 184 degrees, respectively, reflecting the earlier contraction of the anterior wall. From stage I to V of ischemia, the contraction of the ischemic inferior wall was progressively delayed, with regional phase angle increasing by 2%, 5%, 6%, 13% (p < .01), and 14% (p < .01), respectively. No change was noted in the normal region. 6 . Changes in regional left ventricular function (in % of control) as assessed by densitometric analysis of digitalsubtraction ventriculograms in normal anterior (black) and ischemic inferior (cross-hatched) segments of the left ventricle in nine open-chest dogs. Ischemic dysfunction of the inferior region was produced by mild, moderate, and severe stenoses (STI, ST2, ST3), and 15 and 30 sec occlusions (OCCL1, OCCL2) of the circumflex coronary artery. Regional ejection fraction and amplitude (A and B) progressively decreased in the ischemic region. Regional amplitude also demonstrated significant compensatory hyperkinesia in the normal region. Regional peak ejection rate and phase (C andD) changed significantly in the ischemic region only with complete coronary occlusion. The increasing phase delay with progressive ischemia reflects the asynchrony of left ventricular contraction. * Myocardial systolic shortening correlates well with densitometric regional ejection fraction (A), regional amplitude (B), regional peak ejection rate (C), and regional phase (D). Regression equations and r values for all individual data points are given in table 4. of systolic shortening and densitometric measurements of regional left ventricular function are graphically summarized in figure 7 , with each data point representing the mean value for all nine dogs in one segment at control or at one level of ischemia. Linear regression equations for all individual data points are summarized in table 4. Regional ejection fraction and amplitude correlated well with myocardial systolic shortening (r = .84 and TABLE 4 Linear regression between densitometric indexes of regional left ventricular contraction and sonomicrometric systolic shortening for all individual data points (n = 90)
Densitometric index Equation r value p value
Regional EF y-0.45x+ 1.38 .84 <.0001 Regional PER y=0.31x+ 1.74 .64 <.0001
Regional amplitude y = 0.42x + 11.16 .8 <.0001
Regional phase y = 0.08x + 2.03 .55 <.0001
All data expressed in percent of control. EF = ejection fraction; PER = peak ejection rate; r = Pearson correlation coefficient; x = systolic shortening; y = densitometric index.
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.80, respectively, both p < .0001). The other indexes of regional contraction, including regional peak ejection rate and phase, were less closely related to systolic shortening (r = .64 and .55, respectively, both p < .0001).
Discussion
Densitometric analysis of digital-subtraction ventriculograms may provide a three-dimensional assessment of left ventricular function. Using this approach, we recently reported a new computerized method for measuring regional left ventricular ejection fraction.23 Decrease in left ventricular regional ejection fraction immediately after rapid atrial pacing was sensitive in detecting and locating significant coronary stenoses in man.
In this study, the same densitometric technique was validated in an open-chest dog preparation. It was also used to derive additional information about the extent, velocity, and synchrony of regional left ventricular contraction. Regional ejection fraction and peak ejection rate were calculated with segmental time-volume Inn curves obtained by densitometric analysis of digitalsubtraction ventriculograms. Phase and amplitude of regional contraction were also derived from the first Fourier harmonic of these curves.27 These densitometric indexes of regional contraction were compared with direct measurements of myocardial systolic shortening by sonomicrometers.
As expected, myocardial systolic shortening in the ischemic wall progressively decreased with increasing levels of ischemia, whereas it remained unchanged or increased in the normal wall. This was reflected by similar changes in densitometric regional ejection fraction and amplitude. Myocardial systolic shortening correlated well with both densitometric regional ejection fraction (r = .84) and amplitude (r = .80). However, amplitude seemed to better demonstrate the compensatory hyperkinesia present in normally perfused myocardium. A possible explanation is that regional ejection fraction assesses volume changes from enddiastole to end-systole, while regional amplitude measures the maximum volume change within the entire cardiac cycle. In segments with compensatory hyperkinesia, maximum contraction may occur and volume expansion begin before end-systole (defined as the minimum left ventricular volume), causing an underestimation of the extent of contraction by ejection fraction. Regional amplitude also differs from regional ejection fraction in that it is expressed as a percentage of the global left ventricular amplitude. This obviates the need for background subtraction, while providing an estimate of the contribution of each segment to left ventricular ejection.
Previous studies. Although numerous investigators have used digital-subtraction ventriculography in assessing left ventricular performance,10-18 only a few have used densitometric analysis techniques. Densitometric global left ventricular ejection fraction correlated well with that obtained by the conventional arealength method.2022 Similarly, densitometric right ventricular ejection fraction exhibited close correlation with that derived from first-pass radionuclide studies. 28 With the use of a geometric approach for the assessment of regional function, several authors have also reported an excellent correlation between intravenous digital-subtraction ventriculograms and conventional direct ventriculograms. This is not surprising since both techniques provide high-quality images and assess wall motion with identical geometric methods, including radial shortening17 and area reduction techniques. 18 However, these methods of wall motion analysis suffer from several drawbacks: (1) they analyze only that part of the left ventricular wall that is Vol. 77, No. 2, February 1988 imaged tangentially, (2) they usually assess endocardial motion at only two time points during the entire cardiac cycle, (3) they are time-consuming, and (4) they are hampered by significant intraobserver and interobserver variability.
Densitometric analysis of regional left ventricular function has several advantages: (1) Unlike geometric methods, it provides a three-dimensional assessment of regional left ventricular performance. (2) It does not require delineation of the end-systolic contour; this may be of value since the difference between ventricular and background density may be small on intravenous ventriculograms, making left ventricular edge detection difficult, particularly at end-systole. Also, operator interaction is reduced, making the technique faster and more reproducible than conventional geometric methods.23 (3) The densitometric approach can be applied to intravenous left ventriculograms and does not require left heart catheterization. (4) The densitometric method not only provides isolated end-diastolic and end-systolic measurements, but also a continuous time-density curve reflecting volume changes throughout the cardiac cycle. Although similar time-volume curves can be obtained for the left ventricle by radionuclide techniques, the suboptimal spatial and temporal resolution of this method limits its usefulness in assessing segmental function. Moreover, radionuclide angiography precludes beat-to-beat analysis.
Other densitometric indexes of regional systolic function.
Regional peak ejection rate and phase did not correlate as closely with systolic shortening as did regional ejection fraction and amplitude. This is not surprising since regional ejection fraction and amplitude both measure the extent of regional contraction (as does systolic shortening), while regional peak ejection rate and phase assess the velocity and synchrony of contraction. Also, they were less sensitive than ejection fraction or amplitude in detecting ischemic dysfunction. Indeed, significant changes in regional peak ejection rate and phase were noted only during complete coronary occlusion.
This confirms previous studies in which phase analysis was less sensitive than amplitude in detecting ischemia when applied to digital ventriculograms from patients29 or sonomicrometric measurements of myocardial wall thickening in dogs.30 Regional phase angles quantitatively describe the progressive delay in regional contraction occurring with increasing severity of ischemic dysfunction. This phase delay may reflect the postejection wall shortening that has been demonstrated by sonomicrometers during ischemia. 1, 24, 25 The rather low sensitivity of peak ejection rate in detecting ischemia is also in agreement with previous radionuclide studies. 31' 32 Limitations. Although densitometric and sonomicrometric measurements of regional left ventricular function were closely related, some discrepancies were present. Densitometric indexes generally underestimated changes in regional function. For example, after 30 sec of occlusion of the circumflex coronary artery, sonomicrometric systolic shortening decreased by 124%, whereas densitometric regional ejection fraction diminished by only 65% from control. This may be due to methodologic differences. Sonomicrometric measurements assess length changes between two crystals implanted 1 cm apart in the center of the ischemic region, while densitometric measurements are based on volume changes in a relatively large portion of the left ventricle that may contain ischemic as well as normal myocardium, possibly causing an overestimation of regional systolic function. Additional, sonomicrometric measurements may be influenced by the position of the crystals within the wall or their orientation relative to muscle fibers. 33 Several limitations of the densitometric technique must also be addressed. Background correction may affect the accuracy of densitometric analysis. Although most of the bone and soft tissue were subtracted using a preinjection mask, density counts arising from intravascular contrast material in the pulmonary circulation, myocardium, and chest wall still remained. This background density was approximated with the use of a U-shaped region of interest drawn around the left ventricle at end-systole. Differences in background density from segment to segment or from systole to diastole could reduce the accuracy of densitometric measurements. However, little background variation was noted between the segments due to their relatively large size and no change occurred during the entire cardiac cycle.23
With appropriate processing of the transmitted x-ray signals (logarithmic transformation and mask subtraction), digital gray scale values are linearly related to the amount of contrast material traversed by the x-ray beam. Accuracy in determining densitometric indexes of left ventricular performance depends on the linearity of this relationship. Beam hardening, x-ray scatter, and veiling glare have been implicated as sources of errors. Several studies indicate, however, that these nonlinearities of signal response contribute little to the errors in assessing changes in density.34 35 Moreover, since all ventriculograms were acquired under the same conditions in each dog, these nonlinearities cannot account for the observed ischemia-induced changes. 466 Motion artifacts may degrade the quality of digitalsubtraction images. In this animal experiment, this problem was prevented by stopping the ventilator during image acquisition. However, artifacts due to respiration may occur in a significant number of patients undergoing digital ventriculography. 10 An additional concern results from the fact that densitometric analysis is performed in fixed segments drawn around the end-diastolic center of gravity. This fixed reference system does not account for the rotation and translation of the heart during the cardiac cycle. Despite this, densitometric indexes correlated well with sonomicrometric measurements.
Conclusion. Densitometric analysis of digital-subtraction ventriculograms provides a useful means of assessing three-dimensional regional left ventricular function. Because this technique requires minimal operator interaction, it is faster and more reproducible than conventional geometric methods of wall motion analysis. Segmental volume changes can be assessed throughout the cardiac cycle, allowing the determination of the extent, velocity, and synchrony of regional contraction. Densitometric indexes ofregional left ventricular contraction correlated well with direct assessments of myocardial systolic shortening obtained by ultrasonic crystals implanted in the same segments in an open-chest dog preparation. Regional ejection fraction and amplitude (derived from first Fourier harmonic) appeared more sensitive in detecting and quantifying ischemia-induced regional dysfunction than either regional peak ejection rate or phase values.
Thus, this technique may prove useful in demonstrating subtle changes in myocardial contraction after various therapeutic interventions for ischemic heart disease or for detecting mild stress-induced abnormalities in subclinical coronary heart disease.
